Abstract-We propose a new geometry of clad-pumped fiber amplifier/laser that includes at least one doped core which guides the signal wave and at least one clad region that guides the incoherent pump. Our proposed geometry enables the incoherent diode pump light to be efficiently absorbed by the doped glass core over very short lengths on the order of a few to tens of centimeters. The transparent cladding is realized as a narrow slab with refractive index higher than that of the core. The slab is designed to effectively capture all of the incoherent pump light and is tapered to force the highly-moded incoherent guided light into the strongly absorbing core. Modes of this composite waveguide structure are analysed in this paper. Criteria are established in terms of the refractive indices of the core, slab and cladding that ensure efficient absorption of the pump light in the core while ensuring that only a single or few lowest order signal modes can propagate in the amplifying core. Numerical simulations with the Beam Propagation Method and a modal expansion technique confirm that a significant enhancement of the absorption efficiency of the pump in the core can be realized by tapering the slab waveguide. Assuming a local absorption rate of 10 cm −1 of the intensity of the pump in a core of radius 4.3µ and a realistic multimode diode pump distributed over a 100µ aperture, an absorption efficiency of 94% can be realized over an amplfier length of 2 cm. The geometry is scalable to longer lengths and multiple incoherent diode-pumped slab claddings.
I. INTRODUCTION
Diode-bar pumped double clad (DC) fiber amplifiers and lasers have been proposed and demonstrated as high brightness sources capable of delivering one hundred watts or more of quasi-CW light [1] [2] [3] [4] [5] [6] . These devices are pumped with multiwatt incoherent diode bars and convert, with high efficiency, incoherent low-brightness light into an almost single transverse mode high power output. Attempts to combine multiple high power fiber lasers to produce powers approaching one kilowatt have shown considerable progress of late. The double clad fiber geometry is designed to capture a large fraction of the incoherent multi-watt output from the diode bars. A large inner cladding with transversal size ranging from 200 -300 µ is required to effectively capture the incoherent pump light. The cross-section of a conventional DC fiber is shown in Fig.1A . Symmetric DC fibers display poor coupling and the core is typically displaced from an axis of symmetry. The absorption of the pump can be characterized by a filling factor F that specifies how much of the pump is localized in the Arizona Center for Mathematical Sciences, Mathematical Departmentrt, University of Arizona, 617 N. Santa Rita, Tucson, AZ 85721, email: dima@acms.arizona.edu , email: jml@acms.arizona.edu Fig.1 . A: Cross-section of the conventional double-clad fiber amplifier: rea of the core is much less than area of the cladding; n 1 > n 2 > n 3 . B: Cross-section of the slab-pumped fiber amplifier (b): At h < r, areas of the core and the cladding are compatible; the refractive index n 1 has no need to be greater than n 2 .
core [7] . However, some modes of the pump are absorbed more efficiently than others [8] [9] [10] [11] so that F depends on the length of propagation. For an incoherent incident pump field that uniformly fills the inner cladding (ergodic mixing), F = A core /A total where A core is the cross-sectional area of the core and A total is the total cross-sectional area including core and inner-cladding. Under these circumstances, we can assume a translational symmetry along the fiber and derive the following estimate for the pump absorption efficiency η η = 1 − e −αF z .
In this expression, α refers to the local pump absorption rate and z is the coordinate in the propagation direction. Pump saturation does not modify conclusions regarding optical innercladding/core geometries appropriate for maximum absorption efficiency [12] . So, in this paper we suppose that α is constant. It should be emphasized that equation (1) above can also offer a reliable estimate for rectangular fibers and circular inner claddings with an off-set core. For example, all curves shown in figure 7B of reference [13] that is generated by computationally intensive ray-tracing techniques, can be accurately fitted by equation (1) with the filling factor F = GA core /A total for rectangular cladding and F = G 2 A core /A total for circular offset cladding, where G = Γ(4/3) ≈ 0.89 , and Γ is the Gamma function [14] . We have no explanation so far of the origin of the phenomenological fit parameter G, and we do not expect this estimate to hold for circular fibers with small values of the off-set parameter. A central goal in designing high power DC fiber amplifiers and lasers is to increase the filling factor F , allowing one to scale down the required length for almost full pump absorption. Shortening the fiber length will mitigate against signal degradation through stimulated scattering [15] and offer a possibility of true single longitudinal mode operation. Recent developments in designing high gain, short length amplifiers in non-silica glasses offers the possibility of scaling down the length of the fiber to centimeter lengths. However, most current DC fiber coupling geometries are not suitable for short length devices due the their very poor coupling efficiencies. Scaling to short length fibers requires that the relative core areas in the above formula be significantly increased. The very different aspect ratios of high power incoherent diode bars and DC fiber inner claddings requires complex intervening optics to fold the multiple linear emitter array outputs [16] to achieve approximately round beams for coupling into the near circular inner cladding.
In the present paper, we propose to replace the almost circularly-shaped inner cladding by a narrow slab waveguide that is mode-matched along the fast axis to the mode of the diode emitter(s). By butt-coupling the diode laser output to the slab waveguide, we ensure that most of the incoherent light from the emitter is guided in the slab. The doped-core is placed next to the slab to ensure that the diode pump light is captured in the core. We do not expect equation (1) to apply directly to this scenario as the design approach will require fine tuning of the slab and core refractive indices and geometries. From a practical point of view, we will want to align the diode bar at a small angle relative to the core axis. A key feature of the slab design is that the pump light is very efficiently and uniformly absorbed along the short length of core. This is in marked contrast to end-pump schemes where strong spatial nonuniformity of the pump absorption along the length of the fiber can enhance nonlinear instabilities. With the doped-core being placed so close to the slab it is strongly perturbed by the presence of the latter and, in principle, the generated signal within the core may leak back into the slab. The design must be such that only higher order signal modes leak into the slab while the fundamental, and possibly next higher-order, modes are confined and amplified within the core.
The aim of this paper is to show advantages of the slab pump of the fiber amplifiers. So, we consider here the simplest configuration of the design of tapered slab delivery of the pump; and discuss the possible modifications.
II. SLAB-CORE GEOMETRY
In order to achieve high efficiency of absorption of the pump in a compact device, a significant part of the pump must be absorbed in a short distance of a few to tens of centimeters of doped core. A local absorption rate of pump intensity α = 2cm −1 was reported in [2] ; recently, values of α = 10cm
were reported in [17] . For example, a circularly symmetric inner cladding with small core in the center is a very poor geometry, with pump absorption efficiency η < 4r/(πR), even for long length fiber amplifiers [8, 9] . Here r and R are radii of the core and cladding, respectively. Very good mixing of partially coherent pump light can increase the efficiency to approach the fundamental limit (1) with F = A core /A total as discussed in references [10] [11] .
A convenient approach to delivering a multimode pump source to some absorbing core is to facilitate the coupling of the pump into some cladding which supports multimode propagation. We therefore define the "cladding" as a transparent planar waveguide which supports propagation of the multimode pump. We do not assume that this cladding surrounds the core, as it does in the conventional DC fiber design (Fig.1A) . Instead a narrow transparent slab waveguide which is located close to the core, enables the coupled pump modes to penetrate the core (Fig.1B) . In the conventional DC fiber geometries, the inner cladding diameter must be large enough to capture the pump light from an incoherent diode bar. Consequently it must be much greater than the area of the core. Thus, if the pump source is wide (say, 100 micron), then at a fixed radius of the core (say, 4 micron), the area of the cross-section of the cladding should be large (at least, greater than 800 squared micron, in the case of a rectangular cladding). Thus, the length of the amplifier must be much larger, than in the case of the direct pump, at least by a factor of A total /A core ≈ 800/(16π) ≈ 15 .
It should be noted that effective sources of pump light for the double-clad amplifiers, i.e., semiconductor lasers, produce partially coherent light. For realistic estimates we use data from the simulations described in [18] . The output beam of such a laser is highly coherent in one direction; and has multimode structure in the orthogonal direction. Thus, the pump can be coupled into a thin strip, say, 1 µ × 100 µ; and the incoherent light can propagate in a waveguide of such a crossection.
If we can provide efficient coupling of the modes of such a narrow slab to the doped-core amplifier for a geometry as shown in Fig.1B , then the ratio A core /A total can be increased to compare with conventional single mode pump geometries; it can be of order of unity. Of course, such a simple estimate would become invalid as the thickness of the cladding becomes comparable to the wavelength of the pump. Even in this case we should expect a significant improvement in efficiency for coupling the pump into the active core relative to the case of conventional double clad fiber.
Our goal is to confine the lowest order signal mode in the core while unwanted higher-order signal modes leak into the slab. In the usual DC fiber, the core is designed to be single mode for signal propagation. In this case, the refractive index of the core is slightly higher than that of the inner cladding. Our situation here is fundamentally different. The core cannot be designed to be strictly single mode for the signal as the nearby slab strongly perturbs the core and such a mode could not be sustained along the core. Instead, we design the isolated core to be multimode at the signal wavelength and design the slab to capture the higher order signal modes. We also need to make the refractive index of the slab as large as possible so as to confine the maximal number of modes of the pump in the area with minimal cross-section. An obvious question is how large this refractive index can be without enabling the lowest order signal mode to leak out of the core.
In order to understand this we appeal to quantum mechanics. The confined field in a waveguide, as described within the paraxial approximation, is analogous to the wave function of a quantum particle confined in a two-dimensional potential. The negative of the square of the refractive index plays the role of the potential and the effective refractive index of a mode plays the role of the energy eigenvalue with associated eigenvector of the Hamiltonian. Figure 2 provides a qualitative sketch of the quasi-energy levels of a composite system of core and slab. We neglect here, for simplicity, the interaction between the core and slab; this would correspond to a situation where the gap between the core and slab is relatively large. Assume that the ground state of the system is localized in the core. Generally the core has no need to be single mode at the signal wavelength. The criterion for the signal is that the quasi-energies of the remaining signal modes of the core be energetically higher than the majority of those of the slab. We will treat this situation quantitatively in the next section.
Qualitatively, Fig.2 is valid for both, signal and pump. Inspection shows that the highest confined modes of the slab may be in resonance with excited modes of the core. This should ensure good coupling for these modes. The lowest confined modes of the slab are far from resonance and should show poor coupling to the core. The latter modes can be tuned into resonance by adiabatically tapering the slab along its length. Such tapering should eventually push the originally resonant higher slab modes into the continuum -however these should already be efficiently absorbed by the core at the beginning of the slab.
We will now specify the modes of the slab that should be coupled to the input semiconductor laser, and analyze the mode structure of the composite system core+slab in order to estimate the efficiency of the incoherent pump in such a system.
III. MODES OF THE SLAB AND MODES OF THE FIBER
This section provides an analysis of the mode structure of the composite slab-active core system. We will first present some standard waveguide analysis and derive some useful asymptotic design formulas. The latter facilitate the optimization of the composite core-slab structure over a wide multi-parameter design space. We will establish the condition for quasi-single signal mode propagation more quantitatively. Again, for simplicity, we will assume that the core and slab are almost isolated. We formulate the condition where, on the one hand, the principal signal mode is confined to the core and, on the other hand, most other modes (signal and pump) penetrate into the slab. We will also assume small refractive index changes between core, slab and jacket so that a scalar assumption is appropriate.
If we assume weak coupling [7, 19, 20] of the signal and pump, we can consider the scalar Helmholtz equation
where the function
describes distribution of the dielectric permitivity; the constant k 0 relates to the wavelength of the radiation, either pump or signal.
First, consider the case of an infinite slab, let
, |y| < h n 2 3 , |y| > h
where n 2 is the index of refraction of the slab of thickness 2h and n 3 is the index of refraction of the external cladding/jacket. We reserve the notation n 1 for the index of refraction of the core (see Fig.1 ). Looking for a propagating mode, we seek solutions of the form
where β is the propagation constant [7] . Substituting (4) into (2), we get
where the prime denotes differentiation with respect to the y-coordinate. The boundary condition f (∞) = 0 can be satisfied if we represent the symmetrical solution of (5) as the combination of cosines and exponentials:
where A = cos(ph) exp(qh). Using Eq.(3,5), we get the relations for the the transverse wave numbers p y and q y : Eliminating β 2 from these equations, we get a relation between p y and q y :
Solving this equation with respect to q y , we get
The condition of continuity of the function f and its derivative gives the equations
Combining (11), (12), we get
The solution of (13) can be expressed in the following form:
where v = n 2 2 − n 2 3 k 0 h, and the dimensionless function g = slab(v) is the lowest positive root of the dimensionless equation
The function slab is represented by the thick curve in Fig.3A .
It has the following properties. Expansion in small values of its argument:
An asymptotic solution at large value of the argument is:
Approximation with rational functions gives
In the literature [18, 19] , the normalized frequency
is used to characterize waveguides. For the slab, the function b(v) is presented in Fig.3B as a thick curve. The corresponding effective decay rate q y of the function f given by (6) can be expressed in terms of P (v) as follows:
For the slab, the function Q(v) is represented by the thick curve in Fig.3C . This function increases monotonically, and at large values of v, becomes a linear function of its argument. The above approximations enable us to effectively evaluate all of the parameters in Eq.(6).
A similar analysis can be applied to the case with circular symmetry. Here, we are interested mainly in the principal mode and, possibly, the next higher order mode of the active core, because other modes are expected to be strongly mixed with modes of the slab. In the simplest case, the distribution of the dielectric permitivity can be described with the step function
(We reserve the notation n 2 for the refractive index of the slab). Using polar coordinates, the principal mode can be , 2003 5 expressed in terms of the Bessel functions J and K:
where the transverse wave-numbers p and q are solutions of the equations
The solutions of (23) can be expressed as dimensionless functions of v = rk n 2 1 − n 2 3 [7, 19, 20] , as in the case of the slab: p = P (v)/r , q = Q(v)/r, where
For the case of the core, the functions P, b, Q are presented in Fig.3A ,B,C with thin curves.
For the core, the function b 0,1 (v) has the following properties:
where γ ≈ 0.5772156649 is the Euler's constant [14] and j 0,1 ≈ 2.4048255577 is the first zero of the Bessel function J 0 . It should be noted the following rational approximation [20] exists for the function b for the principal mode (0,1) of the core: The functionb is shown in fig.3B with dotted line; it practically coincides with the exact solution within the range 1.5 < v < 2.5 . However, for the case of the amplifier, there is no reason to limit the consideration to this interval. Therefore we suggest the approximation below: 
A similar analysis can be done for the first excited mode:
It happens to be easier to fit function at j 01 < v < ∞ (31) and reconstruct b 1,1 and Q 1,1 from (19) and (24) . The advantages of fits (18), (29),(31) are not only the high precision and extended region of validity of the approximation in comparison to Eq. (28), but also the smoothness: these fits can be differentiated several times, and the results still approximate the derivatives of the initial functions. To our knowledge, no similar approximation was reported before, and these fits can be a useful design tool.
The effective propagation constants of the slab and the core should be close for good coupling of the pump light. For example, using values n 1 = 1.56, n 2 = 1.57, n 3 = 1.55, r = 4.3µ,
for the slab we get v slab = k 0 h n 2 2 − n 2 3 = 0.800785 ,
For the same values (32) for the core we have v core = k 0 r n 2 1 − n 2 3 = 4.861860 , then we use fit (29) to get b 0,1 = b 0,1 (v core ) = 0.833490 for the principal mode and the fit (31) to get P 1,1 = P 1,1 (v core ) = 3.13463 for the first excited mode. It should be noted that Eq.(24) holds for both slab and fiber; and Eq. (20) can be used for the fiber if we substitute h → r. Using these equations, we get
The closeness of the effective propagation constants β slab to β 0,1 , β 1,1 allows good coupling of the pump light between slab and core. We anticipate that the configuration (Fig.1B) with values of the parameters (32) should realize very effective pumping of the core. The example above is not the only configuration that ensures good pump absorption while maintaining quasi-single mode propagation for the signal. Generally, a quasi-single mode core corresponds to the condition β 0,1 > β slab > β 1,1 . We can define functions q y (n in , n out ) and q m,j (n in , n out ) as values of parameter q for the principal mode of the slab and that for the mode number j of the core with angular momentum m. Here n in and n out are indices of refraction of the inner region (n 1 for the core and n 2 for the slab) and for the outer region (n 3 in both cases) respectively. Then the condition for a quasi-single mode core can be rewritten as
This condition is satisfied for values of q given in (33) and (34). The condition (35) is represented graphically in Figure 4 for the case r = 4.3µ and varying thicknesses 2h ( 0.4µ, 1.0µ, 2.0µ ) of the slab. The example design above corresponds to the point (0.02, 0.01) in the second graph, marked with a circle. We note from Figure 4 that the narrower the slab, the more robust the design to variations in refractive index.
The dependence of the field of the pump in the x direction in the slab should slightly decrease the propagation constant providing almost exact resonance with the core, as shown in Fig.2 . This can be seen from numerical analysis of the mode structure of the waveguide which includes both core and slab.
IV. MODES AND THE DECOHERENCE APPROXIMATION
From the consideration of isolated core and isolated slab in the previous sections, we made some predictions and recommendations about the slab pump of the fiber amplifier. While the slab is thin, we can expect small interaction between modes localized in slab and modes localized in the core. In this section, we analyze the modes of the pump in the waveguide taking into account both, core and slab.
In the decoherence approximation [11] , the efficiency of absorption of the mode ψ m in the core where
is the filling factor of the m-th mode. (ψ m is normalized, |ψ m | 2 dx dy = 1.) Here, all the modes ψ of waveguide are calculated in the absence of absorption. Such modes satisfy equation (2) . For the case of Fig.1B , we approximate the dependence of the index of refraction on the coordinates in the following way:
Using the spectral method [11] , the operator ∆ − k 2 was diagonalized in the momentum representation for values of parameters specified in Eq. (32). The core was locates at point x 0 = 8µ, y 0 = 0, while the coordinates of the left end of the slab are x 1 = 12.5µ, y 1 = 0. We use a 1024×128 grid, grid size d x = .11 µ, d y = .15 µ corresponds to A = 112.64µ and B = 19.20µ in Fig.1 . Harmonics with transversal wavenumber less than K max = 3.0µ −1 were taken into account. The amplitude of the 40 resulting modes is shown in Fig.5 . Other modes correspond to unbound states of the slab and fill the box A×B, practically avoiding the slab. The filling factor F m is shown in Fig.6 versus m.
Modes are almost harmonic in the slab part; and the 39-th mode has 32 oscillations in the slab. Roughly speaking, the initial power of excitation of each mode should be proportional to the overlap of the square of the mode with the slab transversal mode. This overlap can be expressed as follows:
where f (y) is the normalized solution for the slab. These coefficients are plotted in Fig.6 with circles.
The overlapping of modes with the core shows a smooth trend. The lowest modes of the slab are almost uncoupled from the core and there exist some resonances. For the highest modes the coupling is strong and these are rapidly absorbed. We could expect that modes in the slab part are almost sinusoidal, and coupling with the core is determined by the transversal wavenumber of this sinusoid. With adiabatic tapering of the slab, the wavenumber of the remaining uncoupled modes should increase and at some length of propagation of propagation the wavenumber of each mode tunes into resonance with the core. At this length, this mode will be efficiently absorbed. As a result, the core consumes all modes of the tapered slab one by one, as they come into the resonance. This conclusion is verified below in the section 7 with numerical simulations. However, for the simulations, we need to specify the field of the pump.
V. INCOHERENT DIODE PUMP FIELD.
For the numerical analysis, we use simulations with an input pump field as described in [18] . Figure 7A shows the timeaveraged near-field intensity of the diode-pump along the slow (x-axis). The result is averaged of 5000 realizations. Most of field is located within the lateral rectangle box of width 100µm. Figure 7B shows the lateral mode content of the incoherent diode emitter. This is represented as the squared modulus of the Fourier components. We conclude that about 32 Fourier harmonics are excited in the diode pump field.
Returning to Fig.5 , we see, that the 39-th mode has about 32 nodes in the slab part. Thus we can assume that first [18] .
Step of the grid dx = .78 µ. The horizontal size of the rectangle is 100µ. The ydependence of this field is assumed to much the principal mode of infinite slab. B: Distribution of the output power of the semiconductor laser among the Fourier-harmonics, calculated over the significant part of the spatial domain shown at the previous graphics with rectangle. Negative frequency harmonics are plotted at the same scale; so, the effective amount of the excited harmonics is estimated to be between 30 and 40. step of the transversal wavenumber here dp = 2π 180 dx = 628.3cm −1 . This gives the estimation of the Numeric Aperture NA = 15 dp n 2 k 0 ≈ .1 . The highest excited mode should have about 32 changes of sign within the slab. M = 40 modes are excited with relative power c m = P 0 /40 where P 0 is initial power of pump. Then the decoherence approximation [3] gives a qualitative estimate of the pump absorption efficiency in the slab-core geometry:
This equation should overestimate the efficiency because of antisymmetric modes which show good coupling with the core but do not enter the slab and therefore are not excited at all. Estimate (40) can be improved using c m = P 0 C m / n C n (instead of c m = P 0 /40 mentioned above). Such an updated estimate gives almost the same result for the efficiency of the pump absorption, so we do not discuss it here. These estimates are confirmed with direct simulations described in the following sections.
VI. BEAM PROPAGATION METHOD. As the verification of the analysis above, we carried out a Beam Propagation study of the slab device. All the field is assumed to be localized within the rectangle A × B and symmetric with respect y → −y. The modes of this rectangle were used instead of the complex exponentials in the standard BPM scheme [21] . The mode expansion is in the terms of discrete sine-and staggered cosine-transforms. Examples of the resulting pump absorption efficiency are plotted in Fig.8 . The reference solid curves are the same for both cases, (A) and (B). The upper solid curves corresponds to the estimate (40); the lower correspond to the estimate with Eq.(11) from [11] for the case of a circular cladding of radius 100µ. All simulated curves lie between these two limiting cases. The thin solid curves in case (A) represent 10 simulations with BPM using 10 realistic initial conditions using the approach described in [18] , and the bars show the mean-square deviation. These simulations were done with a 256×64 grid with d x = .44µ, d y = .2µ, d z = 1µ, r 0 = 4.3µ, x 0 = 8µ, x 1 = 12.5µ, h = .5µ, n 1 = 1.56, n 2 = 1.57, n 3 = 1.55, α = 2cm −1 . The simulations were repeated for various values of pump absorption rate α. The pump absorption efficiency is plotted in Fig.8B versus dimensionless parameter Z = αz. We see, that for reasonable values α ≈ 10cm −1 or less, the scaling discussed in [10] is reproduced: the effective absorption rate is proportional to the local absorption rate α. Significant deviation appears only at an unrealistic linear absorption rate α = 40cm. Thus, we expect the scaling to be valid for all reasonable values of α.
VII. TAPERED SLAB Tapering of the slab should significantly improve the performance of the device. This follows from the qualitative considerations in section 2, as well as from the analysis of modes in section 4. In this section we check this conclusion with numerical simulations.
Assume that the slab occupies the region from x 1 to x 2 = x 2 (z), where x 2 (z) assumes the following functional form
This function allows a linear tapering with a possible cutoff before the end of the device. We specialize here to a 2 cm long device. The coordinate x 2 (z) is plotted in Fig.9 as the linearly decreasing line from left to right. (Actually, we plot the dimensionless ratio x 2 (z)/A to keep the same scale for all graphs.) We use the same 10 realizations of the pump as in the previous section. The solid curve shows the pump absorption efficiency over the 2cm length of core with α = 10cm −1 . We predict greater than 90% absorption over 2 cm. Without tapering, the absorption efficiency would be given by the dashed curve. The lowest (open circles) curve corresponds to the case where the slab is removed and the cladding (all the A×B domain) is pumped directly. This would corespond to a double clad fiber having a rectangular inner cladding with an offest core.
In all the simulations, the initial condition E(x, y, 0) was the same. The initial field was multiplied by the phase factor exp(− i 0.2 µ −1 x), corresponding to an inclination of the pump with respect the core axis by an angle
o . Fig.9 shows the significant improvement of the pump absorption efficiency due to the tapering of the slab. We should also stress that the tapered slab allows an almost constant pump intensity along the core. This is important to minimize signal noise and avoid the spatial hole burning.
At the appropriate tapering, the most of pump is absorbed in the core, as in the simulations above. However, few percent of the pump becomes unbounded, this part of pump escapes from the waveguide. Due to the multiple reflections at the tapered part of the slab, some part of the pump could be even scattered back and destabilize the source of pump. However, at the small angle of tapering (less than 1% in the example above), and the reflection coefficient of order of 5% for the rays which are almost orthogonal to the optical axis, the backscattered part of the pump is exponentially small and has no need to be taken into account. The most of the pump is used in the core, and the rest is scattered forward at small angles. 
VIII. OTHER GEOMETRIES AND POWER SCALING
The configuration shown in Fig.1b is just one possible realization of a slab pump geometry. It is particularly convenient for numerical simulation and verification of the overall design concepts put forth in this paper. This design can be scaled to accommodate a diode bar pump, rather than a single emitter. The device length should be scaled appropriately. In addition two diode bars can pump slabs on both sides of the central doped core. Fig.10 shows a possiblle slab-pump geometry for power scaling. The second slab, placed symmetrically on the other side of the core has the added advantage that it effectively cancels out the anti-symmetric (y → −y) higherorder mode of the signal. This would more strongly favor propagation of the fundamental signal mode in the core.
In this geometry the core and slabs can be placed on the same lower index substrate. One could envisage a cascaded slab-pump arrangement along the length of a device where each diode bar is offset at an angle to the core axis and coupled into its own angled slab waveguide. Efficient cooling should be possible by bringing the coolant itself closer to the active core and ensuring that the coolant refractive index satisfies the refractive index design criteria developed earlier. In other words, the coolant itself would act as a top cladding for the device.
The slab pump delivery could be even more robust if we substitute the naked core in Fig.1 and Fig.10 to a fiber with narrow "chaotic" cladding. Recent achievements in fabrication of various D-shaped fibers should be mentioned [22] [23] [24] . The analysis [25] of slab delivery of pump to such fibers will be submitted soon.
IX. CONCLUSIONS
We propose a new geometry of double-clad amplifier/laser where the conventional cladding is replaced by a tapered slab waveguide. The core is designed to be quasi-single mode for the signal. Design criteria and formulas are provided that depend explicitly on the refractive indices of the core, slab and cladding. Our study is based on the decoherence approximation [11] , modal and numerical analysis. We demonstrate that the incoherent diode pump absorption efficiency can be significantly improved by tapering the slab. Assuming a local absorption rate α = 10 cm −1 (for highly-doped phosphate glass) and amplifier length of 2 cm, the pump absorption efficiency can be of the order of unity.
